Clinical strains of
The integration of molecular analysis of Mycobacterium tuberculosis with an epidemiological analysis of clinical information provides a new tool to assess possible associations between M. tuberculosis strain type and the clinical and epidemiological characteristics of the disease (7, 15, 16, 28) . Clinical strains of M. tuberculosis complex, the causative pathogen of tuberculosis (TB), can be divided into three principal genetic groups based on the combination of single-nucleotide polymorphisms (SNPs) that occur at codon 463 of the katG gene (katG 463 ) encoding catalase-peroxidase and codon 95 of the gyrA gene (gyrA 95 ) encoding the subunit A of DNA gyrase (22) . However, our understanding of the clinical and epidemiological relevance of such genetic grouping is limited. Three previous studies conducted in two different regions of the United States and one region in Italy explored the association between genetic grouping and DNA fingerprint clustering of M. tuberculosis (8, 21, 22) that has been commonly used as a measurement for TB transmission (1) . However, the findings of these studies were inconsistent. Two studies showed that the clustered cases were more likely to be caused by isolates in groups 1 and 2 than those in group 3, while the other study failed to demonstrate an association. These studies have used different definitions for clusters. Furthermore, not all the studies had access to a comprehensive patient database that would allow a thorough assessment of the relationship between the genetic grouping of the study isolates and the clinical and epidemiological characteristics of the study patients (8, 21, 22) .
The Beijing/W lineage of M. tuberculosis is a subgroup of the principal genetic group 1 of particular clinical and epidemiologic interest (3, 13, 22) . Isolates are defined as Beijing/W lineage strains based on their distinct spoligotyping pattern, i.e., the presence of at least three of the spacers 35 to 43 used for spoligotyping and the absence of spacers 1 to 34 (17) . The Beijing/W lineage strains are dominant in Asia (26) , and their spread has been documented worldwide (12) . The Beijing/W lineage strains were found to be related to outbreaks (3) . Patients infected with the Beijing genotype strains were found to be more likely to have a febrile response than patients infected with non-Beijing genotype strains shortly after the start of treatment (25) . In addition, the Beijing genotype strains have been found to elicit a nonprotective immune response in mice (19) . These findings suggest that the Beijing/W lineage strains may have specific pathogenic features. By contrast, a study using a selected sample in The Netherlands did not find significant differences in chest X-ray presentations between patients infected with the Beijing genotype strains and patients infected with other strains (4) . Thus, the clinical relevance of the Beijing/W lineage strain infection remains to be clarified.
Current TB control strategy and transmission models are based on the assumption that all M. tuberculosis clinical strains are equally transmitted and virulent (22) . However, if strains belonging to different genetic groups or lineages have different biological attributes producing different epidemiological and clinical phenotypes, public health control strategies might be tailored accordingly. Thus, a better understanding of the clinical and epidemiological relevance of M. tuberculosis genetic grouping in general and the Beijing/W lineage in particular may allow the development of better strategies for TB control. In this study, we explored the epidemiologic and clinical relevance of the principal genetic groups and the Beijing/W lineage of M. tuberculosis, using an integrated approach that combines comparative genomics and epidemiological data analysis and a 5-year population-based, epidemiologically and clinically well-characterized isolate collection.
MATERIALS AND METHODS
Study sample and patient data. One M. tuberculosis isolate from each of 679 culture-confirmed TB patients diagnosed in Arkansas between 1 January 1996 and 31 December 2000 was used in this study. The study sample included all available isolates, representing 96.3% of all the culture-confirmed cases (705) diagnosed during the study period. Patient demographics and social behaviors as well as clinical characteristics of the diseases were obtained from the surveillance records of the Arkansas Department of Health. No statistically significant difference in the distribution of the variables used was found between the study sample and the excluded 26 cases. Genomic DNA was extracted from LowensteinJensen slant cultures using standard procedures (20) . The isolates were defined as clustered versus unique by a combination of the IS6110 restriction fragmentlength polymorphism (RFLP) analysis and the pTBN12 secondary fingerprinting using the definition described previously (2, 6) . Spoligotyping results were available for 675 isolates. Thirty-seven of these isolates were classified as the Beijing/W lineage strains based on the Beijing/W lineage-specific spoligotype S00034. The genotypes of the four plc genes of all isolates determined in a previous study were also available to this study (16, 28) . The study protocols for human subject protection were approved by the Health Sciences Institutional Review Boards of the University of Michigan and the University of Arkansas for Medical Sciences.
PCR and DNA sequencing. The SNPs at katG 463 and gyrA 95 were investigated by PCR assay and sequencing described previously (24) . Double-stranded sequences were obtained for each PCR product using the PCR primers. Sequence comparison was performed using EditSeq 5.02 and MegAlign 5.01 software (DNAStar Inc., Madison, WI). Isolates were assigned to one of the three principal genetic groups based on the SNPs found in katG 463 and gyrA 95 as described previously (22) .
Statistical analysis. Two different analytical comparisons for answering two related but different questions were performed. We first analyzed the distribution of patient demographics among the three principal genetic groups to assess whether or not the infection of M. tuberculosis isolates of a given genetic group or a specific genetic lineage is associated with a given demographic or clinical/ epidemiological category of the patients using the chi-square ( 2 ) test or Fisher's exact test, as appropriate. A stratified 2 test was used to adjust for confounding factors, as there were only two variables that were considered to be confounders. Second, we analyzed the association between genetic grouping of the infecting isolates and the clinical characteristics using a multivariate logistic regression model to adjust for potential confounders. Potentially confounding variables included age, which was found to be associated with genetic grouping in the first analytic comparison, and several previously identified risk factors for extrathoracic TB, including human immunodeficiency virus (HIV) seropositive status, non-Hispanic black race/ethnicity, being female, and the infection of M. tuberculosis isolates with a mutant plcD gene (16, 28) .
The disease sites were classified into thoracic and extrathoracic using the definitions described previously (28) . Briefly, thoracic TB was defined as disease sites confined to the lung, pleura, and intrathoracic lymph nodes, while the extrathoracic TB were cases having extrathoracic disease with or without concurrent disease within the thoracic cavity. Considering the likelihood of relatedness among the cases within the same cluster defined by IS6110 RFLP and pTBN12 pattern, we used generalized estimating equations (GEE) (18, 29) to control for potential intracluster dependence when we assessed the associations between the genetic grouping of M. tuberculosis isolates and the clinical characteristics of the disease and the associations between the Beijing/W lineage infection and the clinical characteristics of the disease. GEE takes the withincluster similarity into account when calculating standard errors of the regression parameters. The magnitude of the associations was estimated using the odds ratio (OR) and 95% confidence intervals (95% CI). Logistic regression models with GEE were used to control for potential confounders. All the statistical analyses were done using SAS version 8.0 (SAS Institute, Cary, NC).
RESULTS
Distribution of three principal genetic groups. Six hundred seventy-six of the 679 study isolates were classifiable into one of the three principal genetic groups. Sequencing of these PCR products showed the presence of the three previously reported combinations of katG 463 and gyrA 95 polymorphisms. Among the 676 isolates, 63 (9.3%), 438 (64.8%), and 175 (25.9%) were classified into principal groups 1, 2, and 3, respectively. The remaining three isolates failed to generate a PCR product containing katG 463 , and one of the three isolates also failed to generate a product in PCR targeting gyrA 95 . The suitability of the DNA of this isolate for PCR was affirmed by amplification of the 16S rRNA gene.
Comparison of genetic diversity among three principal genetic groups. The frequency distribution of IS6110 copy number determined using 353 unique isolates and 91 isolates randomly selected from each of the 91 clusters differed among the three genetic groups (Fig. 1) . Isolates in group 1 had the broadest range of IS6110 copy numbers. There were no isolates having less than five copies of IS6110 in group 3 and no isolates having more than 17 copies of IS6110 in group 2. Single-copy isolates were found almost exclusively in group 1. Group 1 had more genetic variations in the plcA, plcB, plcC, and plcD genes than those in group 2 or 3 ( Table 1) .
Distribution of selected patient demographics among the three genetic groups. We observed statistically significant differences in the distributions of the patients' race/ethnicity and age among the three principal genetic groups ( Further analyses of the age distribution among the three genetic groups were restricted to non-Asian/Pacific Islanders to examine if the age distribution among the three genetic groups was confounded by Asian origin. Significant differences in the age distribution among the three principal genetic groups were also found in non-Asian/Pacific Islanders (P ϭ 0.0095). The proportion of people older than 65 in non-Asian/ Pacific Islanders was 25.0% in group 1, 52.9% in group 2, and 56.7% in group 3. In addition, the race/ethnicity distribution among the three genetic groups was analyzed, stratifying by age, to examine if the different race/ethnicity distribution among the three genetic groups described above had been confounded by age. Significant differences in the race/ethnicity distribution among the three principal genetic groups were found in both patients aged 65 or older (P Ͻ 0.0001) and in patients younger than 65 (P Ͻ 0.0001). Among people younger than 65, the proportions of Asian origin in genetic groups 1, 2, and 3 were 47.1%, 2.4%, and 2.6%, respectively; among those aged 65 or older, the proportions of Asian origin were 25.0%, 0.0%, and 0.0% in groups 1, 2, and 3, respectively.
Distribution of clinical characteristics. Of the 676 isolates classifiable into one of the three principal genetic groups, 78 were related to cases with an extrathoracic involvement and 598 were related to thoracic cases. Of the 630 patients who had thoracic involvement, 579 had chest radiographs available for the study and 581 had sputum smear results. Based on the chest radiographs, 215 cases had cavitation in the lungs. Of the 581 cases with sputum smear results, 250 were smear positive. The distribution of three clinical characteristics, including site of disease, cavitation in the lungs, and sputum smear positivity, among the three genetic groups were analyzed using a 2 test or Fisher's exact test. No significantly different distribution of cavitation in the lungs or positive sputum smear was found among the three genetic groups (data not shown). However, the proportion of extrathoracic involvement in group 1 (17.5%) was larger than those in group 2 (10.0%) and group 3 (13.1%).
Association between genetic grouping and site of disease. The group 1 isolates occur more frequently in patients with extrathoracic TB than the group 2 isolates (14.1% versus 8.7%) (Table 3) . When using group 2 as a referent, a significant association between infection by group 1 isolates and the extrathoracic involvement was found in a multivariate logistic regression analysis adjusting for age and HIV serostatus, race/ ethnicity, sex, and plcD genotype (16, 28) (Table 4) . Association between the Beijing/W lineage and site of disease. We were concerned that the association between genetic group 1 and extrathoracic TB might be driven by the presence of the Beijing/W lineage, as this lineage is a subgroup of group 1. To address this concern, we performed a bivariate analysis and a multivariate logistic regression analysis separating group 1 into the Beijing/W lineage group 1 and the non-Beijing/W lineage group 1. The Beijing/W lineage in group 1 was found to be significantly associated with extrathoracic TB using group 2 as a referent in both bivariate ( 29, 6 .72]). We further compared the Beijing/W lineage-infected cases (n ϭ 37) with all the non-Beijing lineage isolate-infected cases (n ϭ 637) (Tables 3   and 4 ). In the multivariate logistic regression analysis, the Beijing/W lineage was significantly associated with extrathoracic TB in comparison with the non-Beijing/W lineage after controlling for age and other known risk factors for extrathoracic involvement (Table 4) .
Association between genetic grouping and DNA fingerprint clustering. Cases with isolates belonging to the same cluster, defined by a combination of IS6110 RFLP and pTBN12 secondary fingerprinting, are usually considered to be caused by TB transmissions that have occurred either at present or in the remote past (5, 11) . We analyzed the frequency distribution of clustered strains among the three genetic groups with a sample consisting of 353 unique isolates and 91 isolates randomly selected from each of the 91 clusters identified during the study time period. In addition, in order to compare the results with those of a previous study (22) , which defined a cluster as having more than five cases, we also conducted a similar analysis by studying only clusters having more than five cases. No statistically significant association was found between clustering and genetic grouping using either definition of clustering.
DISCUSSION
In order to increase our understanding of the clinical and epidemiological relevance of genetic grouping of M. tuberculosis clinical strains, we conducted a population-based study including analysis of 679 isolates from 679 patients diagnosed in Arkansas between 1 January 1996 and 31 December 2000. Patients infected by principal genetic group 1 isolates were more likely to have extrathoracic involvement than those infected by group 2 isolates. However, this association was driven by the association of infection by the Beijing/W lineage isolates, a subgroup of group 1, with extrathoracic involvement. In addition, we found that patients of Asian origin were the largest ethnic subgroup among group 1-infected patients, accounting for 42.9%; patients infected by the group 1 isolates were younger than those infected by the groups 2 and 3; and isolates in group 1 tended to have more genetic variations than those in groups 2 and 3 in terms of the range of the IS6110 copy number and the plc gene genotypes.
Although Beijing/W lineage strains have been hypothesized to be more virulent than non-Beijing/W lineage strains, few population-based studies that integrate molecular data with patient information have been conducted to date. Using a (n ϭ 8) . The association between infection of the Beijing/W lineage isolates and extrathoracic TB remains to be further assessed using a study sample that contains a larger number of the extrathoracic TB patients infected with Beijing/W lineage isolates.
The overrepresentation of patients of Asian origin among patients infected with group 1 isolates is consistent with a previous report by Rhee and colleagues based on information from 419 United States-born TB patients diagnosed in San Francisco during the time period from 1991 through 1997 (21) . However, in our study, the proportion of patients of Asian origin among the group 1 isolate-infected individuals was much higher than that found by the previous study (42.9% versus 14.8%). We found that 79% (27/34) of the patients of Asian origin were infected by an isolate belonging to group 1, which is twice as many as that found in San Francisco (9/22; 40.1%). One possible explanation is that the majority (33/34; 97.1%) of the Asian patients in our study were immigrants, whereas the San Francisco study only included the United States-born population. Our data support the previous notion that geographic separation might result in the establishment of a stable relationship between a distinct M. tuberculosis subpopulation and its host population (9, 10, 14) .
Patients infected by the genetic group 1 isolates were younger than patients infected by isolates from groups 2 and 3. It was reported previously that the proportion of TB cases attributable to recent transmission is higher for young individuals than for the elderly (27) . Thus, infections caused by isolates from group 1 are more likely to have resulted from recent transmissions than infections caused by isolates belonging to the other two groups. However, we did not observe an association between group 1 and genotyping-defined clustering. As clustering based on genotyping result could reflect both current and remote transmission (5, 11) , Arkansas is a state with a stable and dispersed population, and the average age of TB patients in Arkansas is above the national average (5), it is possible that we could not differentiate clusters representing current transmission from those resulting from remote transmission. This kind of nondifferential misclassification tends to bias the result towards that of no association (23) .
The group 1 isolates showed more genetic variations in the plc genes and a broader range of the IS6110 copy number than groups 2 and 3. This provides an additional support for the hypothesis that group 1 is evolutionarily older than groups 2 and 3 and therefore had more time to accumulate divergence (13, 22 ).
In conclusion, our results suggest that strains belonging to different genetic groups or lineages may have different potentials for virulence and pathogenicity. Clinical and epidemiological characterization of the major M. tuberculosis subpopulations circulating in different geographic regions is an essential step to developing better diagnostics, therapeutics, and vaccines for future TB control.
